Object alternation (OA) is a well-established measure of perseveration and orbitofrontal function in non-human primates. Although several studies have used OA to examine orbitofrontal system dysfunction in humans with neurological and psychiatric disease, this task itself has not been validated as a bona fide measure of frontal dysfunction in humans. To address this issue, six patients with bilateral frontal lobe lesions documented by computerized tomography (CT) or magnetic resonance imaging (MRI) and 15 healthy controls were given OA, as well as other measures of frontal system dysfunction, delayed alternation (DA), delayed response (DR), and the Wisconsin Card Sorting Test (WCST). The CT and MRI scans were interpreted blindly. The patients with bilateral frontal lesions were significantly impaired on OA, DA, DR and the WCST. Analyses of the CT/MRI lesions suggest that the neuroanatomical regions involved in the deficits on OA include Brodmann areas 10, 24, 32 and 47, as well as possibly 11, and that OA is a sensitive measure of ventrolateral-orbitofrontal and medial frontal dysfunction in humans. Our findings lend further support for the use of experimental paradigms adopted from animal models to study the functional neuroanatomy and neuropsychological mechanisms underlying cognitive functions in humans with neurological and psychiatric disease.
Introduction
The use of experimental tasks adopted from non-human animal models to study cognitive functions in humans has been termed 'comparative neuropsychology' (Oscar-Berman and ZolaMorgan, 1980; Oscar-Berman, 1984 . Delayed alternation (DA) and delayed response (DR), two well-established measures of frontal lobe function in monkeys (Fuster, 1989) , are also sensitive to lesions in homologous brain regions in humans (Freedman and Oscar-Berman, 1986a) . DA and DR tasks have been used to assess probable frontal system dysfunction in humans with alcoholic Korsakoff's syndrome (Freedman and Oscar-Berman, 1986a; Oscar-Berman et al., 1982 , alcoholism without Korsakoff's syndrome (Oscar-Berman et al., 1982 ), Huntington's disease (Oscar-Berman et al., 1982) , Broca's aphasia (Oscar-Berman et al., 1982) , olivopontocerebellar atrophy (El-Awar et al., 1991) , A lzheimer's and Parkinson's diseases (Freedman and Oscar-Berman, 1986b) , amnesia in patients with surgically treated anterior communicating artery aneurysm rupture (Freedman and Oscar-Berman, 1986a) , closed head injury (Gansler et al., 1996) , depression (Freedman, 1994) and schizophrenia (Seidman et al., 1995) . Moreover, recent positron emission tomography (PET) data obtained from healthy human participants suggest a frontal lobe contribution to performance on a computerized hybrid version of DA and DR tasks (Gold et al., 1996) .
After defining selective frontal system deficits in Alzheimer's disease and Parkinson's disease with dementia, using DA and DR (Freedman and Oscar-Berman, 1986b) , Freedman (1990) adopted the object alternation (OA) task from animal models (Pribram and Mishkin, 1956; Mishkin, 1964; Mishkin and Manning, 1978) to further characterize orbitofrontal neuronal systems and perseverative deficits that distinguish these two disorders. Based upon extrapolation from animal models to humans, OA was subsequently used in other studies in humans to examine orbitofrontal system mechanisms underlying depression (Freedman, 1994) , schizophrenia (Abbruzzese et al., 1995; Seidman et al., 1995) , obsessive compulsive disorder (Abbruzzese et al., 1995) and closed head injury (Gansler et al., 1996) . In contrast to DA and DR, however, OA had not been validated as being sensitive to damage to homologous brain regions in animals and humans. The current study was designed to determine whether the OA task, a measure of perseveration which is sensitive to orbitofrontal dysfunction in animals, is also sensitive to homologous brain lesions in humans.
Patients with bilateral frontal lobe lesions were tested on the OA task. For comparison to performance on OA, subjects were also administered DA, DR and the Wisconsin Card Sorting Test (WCST) (Milner, 1963; Heaton, 1981) . DA and DR are measures of spatial working memory (Butters and Rosvold, 1968; Goldman-Rakic, 1987; Friedman and GoldmanRakic, 1994) and are most severely affected following bilateral dorsolateral frontal lesions involving the principal sulcus in Rhesus monkeys. In addition, DA provides a measure of perseveration and is sensitive to orbitofrontal damage (Brutkowski et al., 1963; Mishkin, 1964) . The WCST is a standard measure of frontal lobe function in humans (Stuss et al., 1994; Lezak, 1995) and, recent controversy notwithstanding (Anderson et al., 1991; Sullivan et al., 1993; Stuss et al., 1994) , is considered to be sensitive to dorsolateral frontal lesions (Milner, 1963) .
Materials and Methods

Subjects
Informed consent was obtained from each subject before testing. Six patients with bilateral frontal lobe lesions and 15 healthy controls were studied. One patient (case 3) had lesion extension into the left temporal lobe, as well as small bilateral hygromas of which the right was larger. The two leucotomy patients (cases 2 and 6) had been operated for treatment of schizophrenia 39 years prior to testing and improved following surgery. Case 2 remained free of psychiatric problems and was able to work as a draftsman and then as a salesman until retirement. Case 6 did relatively well but was never able to hold a full-time job outside family businesses. Neither of the frontal leucotomy patients were on neuroleptic medication. Table 1 shows the etiology, time post onset, gender and handedness for each patient, as well as WAIS-R and Wechlser Memory Scale scores.
The controls were healthy non-hospitalized volunteers who were free of neurological, psychiatric and significant general medical disease. They were selected from a pool of previously tested healthy controls. Table 2 shows the age and education for all of the research participants.
Apparatus and Procedure
OA
The OA task was administered in a modified version of the Wisconsin General Test Apparatus adapted for use with human subjects and described previously (Oscar-Berman and Zola-Morgan, 1980; Freedman and Oscar-Berman, 1986a; Freedman, 1990) . The investigator and subject sat facing each other across a table. They were separated by a wood frame approximately 55 cm wide by 65 cm high. A black curtain was anchored to the frame so that it could be raised to reveal a stimulus board (53 × 28 cm) containing two reinforcement wells. The wells were 24 cm apart from centre to centre and were each covered by a different three-dimensional stimulus object mounted on a square black plaque (9.0 × 9.0 × 1.5 cm). The objects differed in shape and color. When the curtain was lowered, the subject could see neither the stimuli nor the investigator. When the curtain was raised for each trial, the subject could see the stimuli and the hands of the investigator, but not the investigator's face.
The OA task was administered as previously described (Freedman, 1990) . The subject was seated opposite the investigator with the curtain lowered between them. The investigator then explained to the subject in general terms the requirements of the task: 'Mr J, I'm going to show you two objects. Underneath one of them is a penny. I want you to try to get the penny every time the curtain goes up. When you find a penny, put it in the box next to you, and at the end of the session you may keep all of the money you have made. If you want to stop at any time, we can. All right? Remember, your task is to try to get the penny every time the curtain goes up. There will always be a penny under one of these objects. Any questions?' The first trial was initiated by raising the curtain while the investigator reminded the subject again: 'Remember, you want to get a penny every time.' The subject's task was to learn that the object under which the penny was located was being alternated after each correct response. The objects were placed in the left and right positions according to a modified random schedule (Gellermann, 1933) . On the first trial of the OA problem, both objects were baited with pennies. For the second trial, the penny was placed under the object not chosen on the preceding trial. On each subsequent trial following a correct response, the other object was baited. A correction procedure was used so that a penny remained under one object (although not necessarily on the same side) until the subject made a correct response. A trial was completed after the subject found the penny under the target object. If the subject failed to find the penny after 10 consecutive responses on a single trial, however, the trial was ended and the penny placed under the other object. The time between stimulus presentations was ∼5 s. Learning criterion was 12 consecutive correct responses. Failure criterion was 50 trials. The dependent variable was the total number of incorrect responses.
Delayed Alternation (DA) and Delayed Response (DR)
The DA and DR tasks were carried out using the same apparatus as for OA except that the wells were each covered by identical black square stimulus plaques (9.0 × 9.0 × 1.5 cm). The tasks were carried out as previously described (Oscar-Berman et al., 1982; Freedman and Oscar-Berman, 1986a) .
On DA, the subject's task was to learn that the side on which the penny was located was being alternated after each correct response. On the first DA trial, both plaques were baited with pennies. For the second DA trial, the penny was put under the side not chosen on the preceding trial. As for OA, a trial was completed after the subject found the penny. On each subsequent trial following a correct response, the other side was baited. A correction procedure was used on this task such that a penny remained on one side until the subject made a correct response. If the subject failed to find the penny after 10 consecutive responses on a single trial, however, the trial was ended and the penny placed under the plaque on the other side. The time between stimulus presentations was ∼5 s. Learning criterion was 12 consecutive correct responses. Failure criterion was 50 trials. The dependent variable was the total number of incorrect responses.
There were four DR problems with 0, 10, 30 and 60 s delays respectively. The same black plaques used for DA were used on the DR tasks. With two plaques in position covering the wells, and with the curtain raised, the investigator explained that a penny was going to be placed underneath one of the plaques and that as soon as the penny was covered with one of the plaques, the curtain would be lowered. The investigator stated that after the curtain was raised again, the subject could move the plaque and take the penny. The plaques were baited, in full view of the subject, according to a modified random schedule (Gellermann, 1933) . Learning criterion on each DR problem was nine correct responses in a block of 10 trials. Failure criterion was 40 trials per problem. The dependent variable was the total number of errors to reach criterion over all four delay intervals, excluding the criterial trials. For the 0 s delay, the curtain was lowered for a brief instant and then quickly raised again. For the 10, 30 and 60 s delays the investigator explained that the subject would have to wait a bit before taking the penny. After baiting the appropriate plaque in full view of the subject, the curtain was lowered. At the end of the delay inter val the curtain was raised, permitting the subject to retrieve the penny from under the plaque thought to be correct. As in previous studies (Oscar-Berman et al., 1982; Freedman and Oscar-Berman, 1986a,b) , a non-correction procedure was used for all four DR problems.
WCST
The WCST was administered to obtain standardized clinical neuropsychological measures of frontal lobe function for comparison to performance on OA. The indices scored were the number of sorts (WCSSRT) and perseverative errors. There were 128 response cards. Perseverative errors were defined according to criteria used by Milner (1963) in her study that demonstrated a relation between perseveration and dorsolateral frontal lobe lesions, and to Heaton's (1981) criteria. We included both Milner's and Heaton's criteria because they are commonly used and had the potential to provide measures of perseveration that differed from each other. Milner defined a perseverative error as an incorrect response which would have been correct on the preceding categor y. In contrast, Heaton's scoring system includes and broadens Milner's criteria by allowing the 'perseverated-to' principle (i.e. color, form or number) to change within a single category if the subject makes a sufficient number of consecutive errors that meet specified rules.
Analysis of CT/MRI Lesions
The CT and MRI scans were interpreted by two observers with experience in interpreting neuroradiological scans (S.B. and P.E.), and both of whom were blind to the neuropsychological data. Lesion localization was determined by consensus between both raters by reference to the stereotactic atlas of Talairach and Tournoux (1988) , as well as the atlas of Damasio (1995) . The lesions were drawn on the templates of Talairach and Tournoux (1988) , adjusting for the angle of orientation of each scan in relation to the orbitomeatal line and choosing the best matching template for each slice, which takes into account differences in head size. Involvement of Brodmann areas on each lesion slice could then be identified from the appropriate template. In addition, lesions were traced from the film onto paper and the corresponding area was digitized (Sigma Scan TM , Jandel Scientific, CA) and the slices were summed to arrive at a lesion volume for that scan. Figure 1 shows the lesions of the patients represented on templates adapted from the Talairach and Tournoux (1988) atlas. Table 3 shows the cortical regions, designated by Brodmann numbers, that were either damaged directly or undercut by lesions. All cortical areas were affected directly with the exception of those in cases 2 and 6. In case 2, the lesions undercut the cortex except for posterior area 11 and anterior area 47 on the right where there was direct cortical damage. In case 6, all of the affected Brodmann areas were undercut except for direct cortical damage to area 46 in the right hemisphere.
Results
CT/MRI Lesions
The CT scan in case 4 did not show the lowermost cuts. Consequently we could not determine whether area 11 was damaged. The analyses below have considered the data with and without damage to area 11 in this patient.
Cognitive Measures
The data were analyzed using SAS System for Windows, release 6.12 (1996), a statistical analysis software package. Figure 2 shows the performance profiles of the patients with bilateral frontal lobe lesions and the controls on OA, DA, DR and the WCST. One control subject's data were excluded from the analyses because his performance on OA was 5.3 SDs from the mean of the remaining 15 controls. His scores are not included in the figures nor in the analyses.
Analyses of variance were carried out to determine whether there were group differences on measures that were normally distributed, i.e. OA, or that could be readily normalized by an appropriate transformation, i.e. WCST perseverative errors (logarithmic transformation). On measures that could not be readily normalized, i.e. DA, DR and number of sorts (WCSSRT) on the WCST, the data were analyzed using non-parametric statistical procedures (Wilcoxon).
OA, DA and DR
The patient group was significantly impaired compared to the controls on OA [F(1,19) = 17.19; P = 0.0005)], DA (P = 0.005) and DR (P = 0.005).
WCST
The patient group made significantly more perseverative errors, as compared to controls, on the WCST using Milner's (1963) method of scoring (WCSPM) [F(1, 15) = 13.22; P = 0.002], as well as Heaton's (1981) method (WCSPH) [F(1,15) = 12.35; P = 0.003]. The patient group also completed significantly fewer sorts (WCSSRT) as compared to controls (P = 0.004).
The patient and control groups did not differ significantly on education (P = 0.3). Although there was a borderline significant difference in age (P = 0.08) between the patient and control groups, age should not account for the observed deficits because the patient group was younger than the controls.
Relation Between Lesion Site and Deficits on Experimental Tasks
We determined the relation between lesion site and deficits on the behavioral tasks by following a three-step approach. First we classified the patients as being impaired or unimpaired on each behavioral measure. We then analyzed the distribution of lesion sites in each patient by visual analysis of data in Table 3 . This was followed by a statistical examination of the data to quantitate the strength of the associations found on the visual analysis. In addition to these three steps, we examined the relation between lesion size and deficits on the behavioral tasks.
Patient Classification
For the behavioral tasks with performance scores that were normally distributed or that could be readily normalized, i.e. OA, WCSPM and WCSPH, the patients were classified as being impaired or unimpaired on each measure based upon whether their performance scores fell outside or within 2 SDs of the mean for the controls. For DA and DR, which were not normally distributed even following transformation of the data, patients were classified as abnormal only if their scores fell outside the range of the controls. Table 3 shows the performance scores of the six patients on the experimental tasks. The abnormal scores are in bold. Figure 3 shows a box plot of the performance scores of the 15 controls on OA, as well as the performance scores of the six patients with bilateral frontal lesions. The box plots of the performance scores on WCSPM, WCSPH, DA and DR are shown for comparison. Each box plot represents the median and the 25th and 75th percentiles with whiskers extending to the 10th and 90th percentiles (Cleveland, 1985; Gouvier et al., 1992) . Using 2 SDs as the criterion for impairment, cases 1, 2, 3 and 4 were impaired on OA. Cases 3, 4 and 5 were impaired on WCSPM, whereas cases 1, 4 and 5 were impaired on WCSPH. On DA, only case 1 had an error score outside the range of normals. Case 5 performed as poorly as the worst control but could not be considered impaired based upon the criterion above. Cases 1, 4 and 5 were impaired on DR.
Visual and Statistical Analyses
The visual and statistical analyses will be presented for each experimental task separately. The distribution of lesion sites for each patient, as well as the performance scores of the patients on the experimental tasks, are shown in Table 3 . A summary of the lesion sites that were related to impaired performance on the experimental measures is shown in Table 4 .
OA Cases 1, 2, 3 and 4 were significantly impaired on OA, as indicated above. All four patients had bilateral medial frontal lesions involving areas 24 and 32, as well as bilateral lesions in area 10. Case 4 may also have had damage to area 11, and if so then all four patients would have had lesions in area 11 as well. As indicated above, this could not be determined because case 4's CT did not show the lowermost cuts. Because area 10 extends over the medial, dorsolateral and orbital surfaces of the frontal lobes, this area was subdivided into medial, lateral, inferior and superior regions for finer analyses. The medial region was defined as sagittal division 'a' in the stereotactic atlas of Talairach and Tournoux (1988) . The lateral region comprised divisions 'b', 'c' and 'd'. Superior and inferior regions were defined as above and below the anterior commissure-posterior commissure (ac-pc) line respectively. Therefore, there were four subdivisions: medial area 10 inferiorly and superiorly, and lateral area 10 inferiorly and superiorly. Although there was no subdivision that was damaged in all patients with deficits on OA, cases 1, 3 and 4 had bilateral area 10 lesions in the medial and inferior frontal regions. Case 2 was impaired on OA without having a lesion in this subdivision, but differed from cases 5 and 6, who were not impaired on OA, by having bilateral lesions in areas 47, 6 and 44. Case 2's deficit on OA was less severe, however, than the deficits in the patients with lesions in the medial frontal lobe inferiorly. Lesions in the other subdivisions of area 10 could not readily account for the observed deficits on OA. For example, case 4 spared the superior division of area 10 medially and laterally but had no involvement of another Brodmann area that differentiated him from the patients with spared performance on OA. In addition, case 1 spared the lateral and inferior subdivision and, as for case 4, had no other lesion to differentiate him from the patients with normal performance on OA. Therefore, lesions in the superior subdivision of area 10 or the lateral portion inferiorly do not readily account for the observed deficits on OA. In contrast, involvement of the medial and inferior subdivision of area 10 can be related to deficits on OA if case 2's impairment is attributed to the involvement of areas 47, 44 and/or 6. Therefore, the visual analysis suggested a relation between poor performance scores on OA and lesions in areas 10, 24, 32, and possibly area 11, as well as areas 47, 44 and/or 6. A fter the visual analysis was carried out, we examined the data statistically using a modification of Fisher's (1966) randomization test that compared the effect of grouping patients according to damage in specific Brodmann areas. This test examines an observed grouping against all possible partitions of the data by dividing the observed scores on a dependent measure at random into the same number of samples as there are observed groups. In our case there were two groups (with or without damage in specific Brodmann areas). Therefore we looked at all possible partitions of the observed scores into two samples with a sample size ≥1. For example, if the scores obtained for five patients were 1, 3, 5, 7 and 9 respectively, then two of the possible partitions could be (1, 5, 9) and (3, 7) or (7) and (1, 3, 5, 9). We used the difference between sample averages to rank the possible partitions. In the example just given, the differences between the averages for the two listed partitions would be 5 -5 = 0 and 7 -4.5 = 2.5 respectively. In this way we were able to evaluate the probability of acquiring two samples where the difference between them on the dependent measure is at least as large as the observed difference between the groups defined as being damaged or not in specific Brodmann areas. If damage to a certain Brodmann area grouped the third and fifth patients from the example into the 'damaged' group and the others into the 'not damaged' group, then the difference between the group averages would be equal to 7 -3.7 = 3.3. This can be compared against the differences between averages for all 30 possible partitions, of which six would produce differences at least as large as 3.3.
We compared the OA scores between groupings defined by damage to specific Brodmann areas against all possible partitions of the OA scores into two samples (Table 5) . When damage to areas 10, 24 and 32 was used to group the patients, the 'damaged' group had an average OA score of 36.8 and the 'not damaged' group had an average of 23.0 for a difference of 13.8. Only three of the 62 possible partitions (5%) had differences between averages that were equal or larger than 13.8 and none of the other Brodmann areas provided groupings which yielded differences that large. This finding supports the importance of areas 10, 24 and 32 in relation to the deficits on OA. If we include case 4 as having a bilateral or a right-sided lesion in area 11, then the application of the modified randomization test yields the same results for area 11 as for areas 10, 24 and 32. In contrast, assigning a left-sided area 11 lesion to case 4 would suggest that area 11 is unrelated to deficits on OA since this would imply the presence of an area 11 lesion on the left in all subjects.
DA and DR
Case 1, who was impaired on DA, and case 5, who had a borderline impairment, had lesions in area 33 on the right, whereas none of the patients who performed within the range of the controls had damage in this region. There was no other lesion site that separated the patients with poor performance on DA from those who performed within normal limits. The modified randomization test was applied to the performance scores on DA. When damage to area 33 on the right was used to group the patients the 'damaged' group had an average DA score of 20 and the 'not damaged' group had an average of 6.25 for a difference of 13.8. Only two of the 62 possible partitions (3%) had averages at least as large as 13.8 and none of the other Brodmann areas provided groupings which yielded differences that large. When bilateral damage to area 25 was used to group the patients the 'damaged' group had an average DA score of 14 and the 'not damaged' group had an average of 4.5 for a difference of 9.5. Seven of the possible partitions had averages at least as large as 9.5. Although the number of subjects with deficits on DA is small, the findings suggest that right-sided lesions in area 33, and possibly bilateral lesions in area 25, may play a role in the mechanisms underlying performance on DA.
Cases 1, 4 and 5 were impaired on DR. No single lesion site differentiated these three patients from the two who were unimpaired on DR. Cases 1, 4 and 5, however, all had bilateral lesions in areas 10, 24, 25 and 32. When bilateral damage to area 25 was used to group the patients using the modified randomization test, the 'damaged' group had an average DR score of 11.3 and the 'not damaged' group had an average of 0 for a difference of 11.3. Thirteen of the possible partitions had averages at least as different as 11.3. When bilateral damage to areas 10, 24 and 32 was used to group the patients using the modified randomization test, the 'damaged' group had an average DR score of 9 and the 'not damaged' group had an average of 0 for a difference of 9. Nineteen of the possible partitions had averages at least as different. Therefore, we did not find a relation between deficits on DR and lesion site after applying the modified randomization test. The results remained unchanged after we assigned damage to area 11 in case 4. 
WCST
Milner's Scoring System. Based upon Milner's scoring system, cases 3, 4 and 5 made significantly more perseverative errors than the controls. Cases 3 and 5 had bilateral lesions affecting area 8. All three cases also had bilateral lesions in area 25. Case 1, however, who was not significantly impaired on the WCST based upon Milner's scoring, also had bilateral lesions in area 25. The modified randomization test was applied to the performance scores measuring perseveration. When bilateral damage to area 8 was used to group the patients the 'damaged' group had an average error score of 72.5 and the 'not damaged' group had an average of 34.3 for a difference of 38.3. Only four possible partitions had an average difference at least as large as this, and none of the other Brodmann areas provided groupings which yielded an average difference as large as 38.3. When bilateral damage to area 25 was used to group the patients the 'damaged' group had an average error score of 57.5 and the 'not damaged' group had an average of 26.0 for a difference of 31.5. Seven possible partitions had an average difference at least as large as this. The modified randomization test, therefore, suggested weak relations between lesions in areas 8 and 25 and perseveration on the WCST based upon Milner's scoring system.
Heaton's Scoring System. Cases 1, 4 and 5 made significantly more perseverative errors as compared to controls. Of the six patients studied, cases 1, 4 and 5 had bilateral lesions in areas 10, 24, 25 and 32. Also, cases 1 and 5 were the only subjects with lesions in area 33, both of which were on the right side. Using the modified randomization test, when bilateral damage to area 25 was used to group the patients, the average scores of the 'damaged' and 'not damaged' group differed by 30.5. Only three of the 62 possible partitions (5%) had an average difference at least as large as this. When damage to area 33 was used to group the patients the 'damaged' group had an average error score of 57.5 and the 'not damaged' group had an average of 32.5 for a difference of 25. Seven possible partitions had an average difference at least as large as 25. Damage to areas 10, 24 and 32 yielded a difference of 11.8 between the 'damaged' and the 'not damaged' group. Eighteen possible partitions had an average difference at least as large as 11.8. The results remained unchanged after we assigned damage to area 11 in Case 4. The modified randomization test, therefore, suggested a strong relation between perseveration on the WCST based upon Heaton's criteria and lesions in area 25, and a weak relation with lesions in area 33.
Lesion Size and Task Performance
We examined the relation between volume of lesion and performance scores on each of the experimental tasks using Pearson correlation coefficients for variables which were normally distributed (OA) or which could be readily normalized by an appropriate transformation (WCSPM and WCSPH) and Spearman correlation coefficients for variables that could not be readily normalized (DA and DR). There was no significant relation between lesion size and the performance scores.
Discussion
The OA task has been well-established as an experimental measure that is highly sensitive to lesions affecting the ventrolateral-orbitofrontal region (inferior frontal convexity and orbital surface) of the frontal lobes in non-human primates (Mishkin, 1964; Mishkin et al., 1969; Mishkin and Manning, 1978; Fuster, 1989) . The results of the current study provide evidence that the OA task is also sensitive to frontal lobe damage in humans (see Freedman, 1990) . The processes underlying successful performance on OA tasks include at least two important functions: the ability to shift sets, and working memory for objects. Set shifting on OA requires that a subject alternate the choice of objects by inhibiting the selection of the stimulus that was previously rewarded and choosing the opposite one. Earlier studies in monkeys (Mishkin, 1964; Mishkin et al., 1969; Mishkin and Manning, 1978; Fuster, 1989) , as well as a recent report by Dias et al. (1996) , have demonstrated that deficits in the ability to shift sets for visual stimuli are related to lesions in the orbitofrontal region. On OA, working memory for objects requires that information about a particular visual stimulus be held in short-term storage until a choice is made. Working memory for objects is a function that is mediated by structures in the inferior frontal convexity in non-human primates (Wilson et al., 1993) . In contrast, working memory in the spatial domain is mediated by different anatomical processes than those underlying working memory for objects (Wilson et al., 1993) . In keeping with a dissociation of object and spatial processing domains in non-human primates, PET data in humans have demonstrated that working memory for objects and for spatial location are functionally segregated with a dorsal frontal region being important for spatial location memory and a more ventral region involving the middle, inferior and orbital frontal areas for object identification memory (Courtney et al., 1996) .
Our findings suggest that potential critical lesion sites underlying the deficits on OA in humans include areas 10 (medial, inferior subdivision), 24 and 32, as well as areas 47, 44 and 6. Although all areas affected in three of the four patients with deficits on OA involved cortex directly, in case 2 the cortex was undercut in areas 10, 24, 32, 44 and 6, as well as 47 on the left. Case 2 did, however, involve cortex in anterior area 47 on the right. The critical lesions may, therefore, involve either cortex directly or the underlying white matter. Damage to areas 10 (medial, inferior subdivision), 24 and 32 were associated with the largest deficits on OA. Because lesions in these areas occurred together we could not determine whether damage to one region only, or a combination of these sites, is related to deficits on OA. Review of the text and diagrams from published studies showing deficits on OA in monkeys suggests that area 10 was included in lesion sites associated with deficits on OA (Mishkin, 1964; Mishkin et al., 1969) . Extrapolation from animal models, therefore, supports a role for area 10 in the performance of humans on OA. Analysis of the regions within area 10 that were damaged in our cases suggests the critical region in humans is situated in the medial and inferior portion.
Areas 24 and 32 are on the medial surface of the frontal lobes. Area 24 is in the cingulate gyrus and area 32 surrounds area 24 (Petrides and Pandya, 1994) . In contrast to area 10, areas 24 and 32 have not been studied in relation to performance on OA in monkeys. Nevertheless, Pribram et al. (1962) found impairment on DA, a task which is related to OA, in monkeys with cingulate lesions. Whereas DA and OA measure aspects of working memory that differ in content domain, i.e. spatial versus object, they are both sensitive to perseveration. The findings from our study on OA are comparable to those of Pribram et al. in suggesting a role for medial frontal systems in the mechanisms underlying perseveration.
Areas 47, 44 and 6 were affected bilaterally in case 2, who had deficits on OA, but who did not have inferior and medial damage to area 10. Because these lesions occurred together, it is difficult to determine whether the potential critical lesions involve damage to only one of areas 47, 44 or 6, or to all of these regions combined. Area 47 is located on the orbital and inferior lateral surface of the frontal lobes in humans, and is comparable to Walker's areas 11, 12 and 13 in the monkey (Petrides and Pandya, 1994) . These regions have been involved in lesions associated with deficits on OA in non-human primates (Mishkin, 1964; Mishkin et al., 1969) . Although area 44 has not been delineated in monkeys, Pandya and Yeterian (1996) demonstrated the presence of an area in the caudal bank of the inferior limb of the arcuate sulcus with architectonic characteristics similar to area 44 in the human. This region, as well as the inferior extent of area 6 on the dorsolateral surface, lies below the level of the principal sulcus within the ventrolateral region in monkeys but is posterior to the classical lesions associated with deficits on OA in monkeys (Mishkin et al., 1969; Mishkin and Manning, 1978) . Although further studies are needed, the prediction from animal models is that area 47 is the critical lesion in humans rather than areas 47 combined with 44 and 6.
Our findings also show a possible relation between lesions in area 11 and deficits on OA. This conclusion is based, however, on assigning bilateral or unilateral right-sided damage to area 11 in Case 4. Unfortunately, the lowermost cuts on his CT were not present and so we analyzed the data in two ways, i.e. with the assumption that he involved area 11 for one analysis and that he spared this region for the other analysis. The presence of a bilateral or unilateral right-sided lesion in case 4 results in a relation between area 11 and deficits on OA. Because area 11 is situated in the ventral-most part of the medial frontal lobe and extends on to the orbitofrontal region in humans (Petrides and Pandya, 1994) , involvement of this area is still in keeping with our findings relating medial and orbital frontal system damage to deficits on OA that arose by coding case 4 as having spared area 11 or as having only a left-sided lesion.
A comment is required about case 5 who had bilateral damage to areas 10, 24 and 32 without showing significant deficits on OA. Our statistical approach using the modified randomization test took into consideration the performance scores and lesion localization in this patient. Despite case 5's lack of impairment on OA, the data were sufficiently strong to show a meaningful structure-function relation. Furthermore, the findings are within the recognized boundaries of variability encountered when correlating neuroanatomical lesions and behavioral manifestations on an individual rather than a group basis (Kertesz, 1994) . Nevertheless, the lack of expected deficits on OA in this patient should be noted. The association between damage to areas 10, 24 and 32, and deficits on OA, which was found in our sample, will need to be confirmed in a larger sample in the future.
DA and DR are both sensitive to dorsolateral frontal lesions in non-human primates Goldman et al., 1971; Friedman and Goldman-Rakic, 1994) . In addition, DA is also sensitive to orbitofrontal lesions (Brutkowski et al., 1963; Mishkin, 1964) . Our findings confirm Freedman and OscarBerman's (1986a) earlier findings that DA and DR are both impaired following bilateral frontal lobe damage in humans and serve to further validate these measures as being sensitive to frontal system damage in humans. We found a relation between poor performance on DA and lesions on the medial surface of the frontal lobes involving area 33. In addition, there was a weaker relation with lesions in area 25 which is situated on the medial surface of the frontal lobes and extends to the orbitofrontal region (Brodmann, 1909; Sarkissov et al., 1955; Petrides and Pandya, 1994) . Our findings of a relation between deficits on DA and medial frontal, and possibly orbitofrontal damage, but not dorsolateral damage, contrast with the animal literature which documents markedly greater deficits in performance on DA following dorsolateral lesions than after ventromedial lesions (Pribram et al., 1952; Brutkowski et al., 1963; Mishkin, 1964) . Nevertheless, as indicated above, medial frontal (Pribram et al., 1962) and orbitofrontal lesions (Brutkowski et al., 1963; Mishkin, 1964) have been documented to produce impairment on DA in monkeys. In contrast to DA, we did not find a relation between impaired performance on DR and specific frontal lesion sites.
Task analysis of process and content may help to explain some of the discrepancy between the animal literature and our findings on DA and DR. DR and a component of the DA task measure working memory in the spatial domain. In other words, successful performance on both tasks requires that subjects hold spatial information in a short-term store for the duration of a trial. In humans (McCarthy et al., 1994; Courtney et al., 1996) and in non-human primates (Funahashi et al., 1989; Wilson et al., 1993) , spatial working memory functions involve the participation of dorsolateral frontal systems. In addition, DA measures the ability to shift set in the spatial domain by selecting the stimulus on the side opposite to the one that was previously rewarded. This type of set shifting is comparable to that required on OA and has been related to orbitofrontal function (Dias et al., 1996) . The lack of a relation between deficits on DA and DR with dorsolateral frontal lesions might simply ref lect the brief intertrial inter val of 5 s which may be too short to demonstrate deficits in spatial working memory. The observed deficits on DA can, however, be interpreted as ref lecting primarily impairment in set shifting, i.e. perseveration, a process which is tapped by both DA and OA. The similar lesion sites associated with deficits on DA and OA are in keeping with this formulation and suggest that the mechanisms underlying perseveration on DA and OA include medial frontal dysfunction in humans.
Perseveration is a multifaceted phenomenon (Sandson and Albert, 1984) . On the WCST, perseverative errors have been defined differently using different scoring systems (Heaton, 1981; Milner, 1963) . Perseveration as defined by Milner's (1963) scoring system for the WCST has been found to be highly sensitive to lesions in the dorsolateral region of the frontal lobes, albeit not without controversy (Anderson et al., 1991; Mountain and Snow, 1993; Sullivan et al., 1993; Stuss et al., 1994) . We found a weak relation between perseveration on the WCST (Milner's criteria) and dorsolateral frontal system dysfunction involving damage in area 8. In addition, there was a suggestion of a relation between perseveration and damage in area 25 but this was weaker than for area 8.
In contrast to Milner's (1963) method of scoring the WCST, Heaton's (1981) system follows criteria for perseveration which may produce a different profile of deficits. In the present study, for example, Case 1 performed within normal limits based upon Milner's scoring system but was the most severely impaired subject using Heaton's method. The neuroanatomical lesion that was associated with perseveration as defined by Heaton's criteria was in area 25, which is situated on the medial frontal surface and extends to the orbitofrontal region (Brodmann, 1909; Sarkissov et al., 1955; Petrides and Pandya, 1994) . There was also a weak association between perseveration (Heaton's criteria) and lesions in area 33 in the medial frontal lobe.
In sum, medial and orbitofrontal system damage was associated with perseveration on the WCST using Heaton's (1981) scoring method (as well as with deficits on OA). In contrast, dorsolateral frontal lesions were more strongly related to perseveration measured by the WCST using Milner's (1963) method. The relation between lesion location and performance on the measures of perseveration suggests that Heaton's and Milner's scoring systems may be measuring different aspects of perseverative responding, which in turn may be tied to different prefrontal brain regions.
In summary, the OA task has been well-established as a behavioral measure that is sensitive to lesions affecting the ventrolateral-orbitofrontal region of the frontal lobes in non-human primates (Mishkin, 1964; Mishkin et al., 1969; Mishkin and Manning, 1978; Fuster, 1989) . Results of the present study indicate that although OA is sensitive to damage in homologous brain regions in humans, there appears to be an important role for medial frontal systems in humans that has not been documented in animal models. Further, results of our study suggest that the sensitivity of OA to human ventrolateralorbitofrontal and medial frontal dysfunction complements other measures of dysfunction in this region (Lhermitte, 1983; Stuss et al., 1983 Stuss et al., , 1994 Alexander and Freedman, 1984; Damasio et al., 1985a,b; Eslinger and Damasio, 1985; Lhermitte et al., 1986; Damasio, 1995; Lezak, 1995; Bechara et al., 1997) . Additional work is in progress in our laboratory to determine the relation between lesions in other brain regions and deficits on OA. This will be important to determine the specificity of our findings. Finally, our findings lend further support for the utility of experimental paradigms adopted from animal models to study the functional neuroanatomy and neuropsychological mechanisms underlying cognitive function in humans with neurological and psychiatric disease Freedman, 1994; Abbruzzese et al., 1995; Pantelis and Brewer, 1995; Seidman et al., 1995; Gansler et al., 1996; Oscar-Berman and Bardenhagen, 1997; Oscar-Berman and Pulaski, 1997) .
